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The location of Iceland at the junction of submarine ridges in the North-East Atlantic
where warm and cold water masses meet south of the Arctic Circle contributes to high
productivity of the waters around the island. During the last two decades, substantial
increases in sea temperature and salinity have been reported. Concurrently, pronounced
changes have occurred in the distribution of several fish species and euphausiids. The
distribution and abundance of cetaceans in the Central and Eastern North Atlantic have
been monitored regularly since 1987. Significant changes in the distribution and abundance
of several cetacean species have occurred in this time period. The abundance of Central
North Atlantic (CNA) humpback and fin whales has increased from 1800 to 11,600 and
15,200 to 20,600, respectively, in the period 1987–2007. In contrast, the abundance of
minke whales on the Icelandic continental shelf decreased from around 44,000 in 2001 to
20,000 in 2007 and 10,000 in 2009. The increase in fin whale abundance was accompanied
by expansion of distribution into the deep waters of the Irminger Sea. The distribution of
the endangered blue whale has shifted northwards in this period. The habitat selection
of fin whales was analyzed with respect to physical variables (temperature, depth,
salinity) using a generalized additive model, and the results suggest that abundance was
influenced by an interaction between the physical variables depth and distance to the
2000m isobaths, but also by sea surface temperature (SST) and sea surface height (SSH),
However, environmental data generally act as proxies of other variables, to which the
whales respond directly. Overall, these changes in cetacean distribution and abundance
may be a functional feeding response of the cetacean species to physical and biological
changes in the marine environment, including decreased abundance of euphausiids, a
northward shift in summer distribution of capelin and a crash in the abundance of sand
eel.
Keywords: climate change, finwhale, commonminkewhale, whale abundance, feeding ecology, humpback whale,
oceanic warming, habitat modeling
INTRODUCTION
Cetaceans are important top predators in Icelandic waters with
a total of 23 species recorded (Hersteinsson, 2004) of which
12–14 species are considered regular inhabitants. In terms
of biomass and consumption, cetaceans play an important
role in the Icelandic ecosystem. Sigurjónsson and Víkingsson
(1997) estimated the total annual consumption by 12 cetacean
species as 6 million tons corresponding to around four times
the total Icelandic fishery landings. The diet composition of
these cetaceans is poorly known except for common minke
whales (Balaenoptera acutorostrata), fin whales (Balaenoptera
physalus) and harbor porpoises (Phocoena phocoena). Fin whales
feed almost exclusively on euphausiids, mostly Meganyctiphanes
norvegica, on the traditional whaling grounds in the Irminger
Sea (Víkingsson, 1997). Fluctuations in environmental condi-
tions affecting per capita prey availability have been shown to
affect body condition and pregnancy rate in North Atlantic fin
whales (Williams et al., 2013). Common minke whales have a
much more varied diet ranging from euphausiids to large gadoid
fish. Sand eel (Ammodytes sp.), herring (Clupea harengus) and
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capelin appear to be the most preferred prey (Víkingsson et al.,
2014). The feeding ecology of blue (Balaenoptera musculus) and
humpback whales (Megaptera novaeangliae) in Icelandic waters is
not known. However, blue whales are known to feed exclusively
on krill in the North Atlantic (Sears and Perrin, 2009) whereas
humpback whales are reported to feed on both krill and pelagic
schooling fish such as capelin and herring (Clapham, 2009).
Substantial warming and salinification has been observed
in Icelandic and adjacent waters in the past two decades
(Mortensen and Valdimarsson, 1999; Bersch, 2002; Malmberg
and Valdimarsson, 2003; Hátún et al., 2005). Concurrently, pro-
nounced changes have been reported in the distribution and
abundance of several animal species in Icelandic waters. Some of
these changes appear to be related to increased flow of Atlantic
water masses into North Icelandic waters, including a north-
ward expansion of the distribution of haddock (Melanogrammus
aeglefinus), monkfish (Lophius piscatorius), and capelin (Mallotus
villosus) (Astthorsson et al., 2007; Solmundsson et al., 2010).
Sand eel abundance in southern and western Icelandic waters was
apparently drastically reduced around 2005, with severe conse-
quences for some seabird populations (Lilliendahl et al., 2013;
Vigfusdottir et al., 2013). In terms of biomass, the most influen-
tial change is probably the recent invasion of Northeast Atlantic
mackerel (Scomber scombrus) into Icelandic waters (Astthorsson
et al., 2012). There are limited data available on temporal trends
in meso- and macro zooplankton in Icelandic waters. Silva et al.
(2014) found a decrease in euphausiid abundance in the oceanic
(offshore) waters south and west of Iceland during 1958–2007,
while in south Icelandic shelf waters they reported an increase
in euphausiid larvae during 1990–2011. Recent and ongoing
changes in the Icelandicmarine environment affect several species
that are important as prey for cetaceans. Depending on the eco-
logical flexibility of the different species, these changes could be
expected to affect the distribution and abundance of cetaceans in
the area.
Large scale surveys, aimed at estimating and monitoring
the distribution and abundance of cetaceans in the Central
North Atlantic (CNA), have been conducted regularly since 1987
(Sigurjónsson, 1992; Lockyer and Pike, 2009; Víkingsson et al.,
2009). Major changes in the distribution and abundance of sev-
eral cetacean species have been observed over the past 20 years,
particularly around the turn of the century. However, the poten-
tial effects on habitat use of cetaceans are poorly documented.
Within the context of a changing environment, it is important
to understand the link between baleen whales and their envi-
ronment at various temporal and spatial scales in order to assess
potential ecosystem-level effects, mediated by changing environ-
mental conditions (Hátún et al., 2009). For future conservation
and management it is of utmost importance to gain better under-
standing of these effects and the interactions among key species
in the ecosystem.
In this paper we describe these changes in cetacean distribu-
tion and abundance and investigate to what extent they can be
explained by recent biological (prey) and physical (oceanogra-
phy) changes in the marine environment in this area. As part
of this investigation, we present a first attempt at modeling the
habitat use of fin whales in the Northeast Atlantic over a 20-year
period, as a function of both physiographic and remotely sensed
environmental variables. Fin whales were chosen for this exercise
because of their wide distribution within the survey area and their
spatial and temporal overlap with readily available environmental
parameters.
MATERIALS AND METHODS
HYDROGRAPHY
Iceland is located at the intersection between large submarine
ridges along the Mid Atlantic Ridge in the northern North
Atlantic resulting in complex circulation in Icelandic waters
(Figure 1). In combination with energetic atmospheric circula-
tion this leads to a highly variable environment on the boundary
between colder and warmer waters. The East Greenland Current
and East Icelandic Current bring colder water from the north
while the North Atlantic Current and the Irminger Current carry
warmer waters from the south.With the polar front lying through
the Denmark Strait area and the Irminger Sea, this climatic
boundary fluctuates with various proportions of Polar, Arctic and
Atlantic water, especially north of Iceland but also in the Irminger
Sea.
Oceanographic data to describe decadal changes in hydro-
graphic conditions in Icelandic waters are based on long-
term sampling conducted by the Marine Research Institute
(MRI), Reykjavík Iceland (Malmberg and Valdimarsson, 2003;
Valdimarsson et al., 2012). Temperature and salinity data used
here were obtained with a CTD after 1990, mainly within the con-
text of seasonal monitoring at stations around Iceland. Some data
in the Irminger Sea were from an international redfish monitor-
ing project coordinated through ICES. CTD data were processed
according to internationally recommended standards. Data from
before 1990 were obtained with Nansen bottles and reversing
thermometers and then interpolated on 1 dbar intervals before
being depth averaged in the same manner as CTD data.
FIGURE 1 | Oceanography of the Icelandic area. EGC, East Greenland
Current; EIC, East Iceland Current; IC, Irminger Current; NAC, North Atlantic
Current. The dotted lines represent sampling stations.
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DISTRIBUTION AND ABUNDANCE OF CETACEANS
The North Atlantic Sightings Surveys (NASS and TNASS) con-
stitute the largest series of cetacean surveys conducted to date
in both spatial and temporal extent (Pike, 2009). These multi-
national surveys have covered large parts of the summer distribu-
tions of North Atlantic baleen whales. To date, the series includes
five large-scale surveys (1987, 1989, 1995, 2001, and 2007), the
most recent one (TNASS 2007, CODA, SNESSA) extending across
the whole North Atlantic from the east coast of North America
to the European west coast (NAMMCO, 2009). In all these sur-
veys, the CNA (Donovan, 1991) has been covered by Icelandic,
Faroese and Norwegian research effort. The Icelandic continen-
tal shelf area was surveyed by air using cue-counting methods for
abundance estimation (Donovan and Gunnlaugsson, 1989; Hiby
and Hammond, 1989; Borchers et al., 2009; Pike et al., 2011a).
Offshore waters of the CNA were covered by vessel surveys using
conventional line transect methods (Sigurjónsson et al., 1989,
1991; Pike et al., 2009a, 2010b; Víkingsson et al., 2009). In addi-
tion to the above, full scale aerial surveys were conducted in
Icelandic waters in 1986 and 2009 (Gunnlaugsson et al., 1988;
Pike et al., 2011b).
The common minke whale was the primary target species
of the aerial surveys covering Icelandic continental shelf waters,
while the fin whales was the primary target species in the
shipboard component covering Icelandic and adjacent offshore
waters. The timing of the surveys was roughly the month of
July, corresponding to the assumed peak abundance of the main
target species, fin and common minke whales. The sei whale
(Balaenoptera borealis) was a target species of the 1989 survey that
had no aerial component and took place around 2 weeks later
and extended further south than the other surveys (Sigurjónsson
et al., 1991). The analysis presented here was largely confined to
the CNA, an area that received a fairly systematic coverage by
Iceland and the Faroes. To account for variable coverage within
this area, post-stratification was applied for analysis of trends
(Víkingsson et al., 2009). For comparisons within the shelf area,
southern Icelandic waters were represented by aerial survey blocks
1, 2, 8, and 9 and northern Icelandic waters by blocks 4–7 (for
delineation of aerial survey blocks Figure 6). Table 1 summarizes
the aerial and shipboard surveys on which the analyses presented
here are based.
Data on the catch distribution of fin whales were retrieved
from the official databases of the MRI and the Icelandic Fisheries
Directorate. Prior to the pause in fin whaling 1990–2005, posi-
tions were reported in squares (0.5◦ latitude× 1◦ longitude) used
in the fisheries sector (Sigurjónsson, 1988) but, since 2006, more
precise positions (to the nearest minute of latitude and longitude)
have been reported.
Modeling of fin whale distribution
The large-scale link between fin whale distribution and its habi-
tat in the Northeastern Atlantic was investigated by modeling
the relationship between whale abundance and environmental
covariates. Data on fin whale abundance were derived from the
five Faroese and Icelandic line transect cetacean sighting surveys
conducted from 1987 to 2007 (Lockyer and Pike, 2009). Transects
were divided into effort segments, each of which ended when
there was a change in survey conditions (sea conditions, weather)
or a sighting. Data on cetaceans sighted included species, group
size, and radial distance and angle to the group (Víkingsson et al.,
2009).
In a first step, the detection probabilities, p̂, of fin whales in
each effort segment were estimated using the DISTANCE 6.2
software package (Thomas et al., 2010). Covariates available to
improve precision and reduce bias in estimating detection prob-
ability included: sea conditions (Beaufort scale), weather index,
visibility, vessel identity (nine vessels or three categories accord-
ing to platform height), number of observers and group size. The
weather index reflected the cloud cover as well as the amount
of precipitation or fog and occasionally included wind direction.
The final detection function was chosen by minimizing Akaike’s
Information Criterion (AIC) and by comparing the Cramér-von
Mises goodness of fit test statistics (Thomas et al., 2010) and,
all other things being equal, the precision of estimated average
detection probability. Perpendicular distances were right trun-
cated at 4000m to improve detection function model fit; beyond
this distance sightings were sporadic (Thomas et al., 2010). Only
sightings with species identification of high andmedium certainty
were included in this analysis. Searching effort and sightingsmade
in sea conditions greater than Beaufort scale 5 were excluded.
Abundance of fin whales, N̂, in each effort segment, i, was
estimated using the Horvitz-Thompson estimator:
N̂i =
ni∑
j= 1
1
p̂ij
where ni is the number of fin whales observed in the ith effort
segment and p̂ij is the estimated probability of detection of the jth
detected group in segment i.
Covariate data available to model the influence of environ-
mental features on fin whale abundance included physiographic,
remotely sensed and reconstructed data (Table 2). Some covari-
ates of interest, especially salinity and chlorophyll a, could not be
included because some survey years pre-dated the use of certain
satellite sensors (e.g., SeaWIFS operated only since 1997). Satellite
altimetry data date back only to 1993; however, a sea surface
height (SSH) data set from 1950 to 2009, reconstructed based on
in situ tide-gauge records, was made available by Meyssignac et al.
(2012). This dataset had global coverage up to 70◦N, which led
to the exclusion of a minimal number of effort segments further
north. Depth, slope, seabed aspect and distance covariates were
linked to effort segment midpoints in Manifold 8.0. Sea surface
temperature (SST) and SSH values were assigned to effort seg-
mentmidpoints by interpolating the value from four surrounding
cells based on coordinates and time using R 3.0.1 (R Core Team,
2013).
Multi-panel scatterplots and Pearson correlation coefficients
were used to assess collinearity between pairs of covariates (Zuur
et al., 2009). Collinearity between two covariates was consid-
ered significant when the Pearson correlation coefficient exceeded
0.6. During the model fitting process, only the covariate that
explained most of the deviance was retained in the model for
covariates identified as collinear.
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Table 1 | Survey data used in the analyses of cetacean abundance.
Species Survey years Area Platform Method Figure Source
Common
minke whale
1986, 1987, 2001, 2007, 2009 Icelandic
continental shelf
Aircraft Cue counting (A) 5 Borchers et al., 2009; Pike
et al., 2009b, 2011a
Common
minke whale
1986, 1987, 1995, 2001, 2007, 2009 Icelandic
continental shelf
Aircraft Line transect
densities (R)
6 and 7 Pike et al., 2009b, 2011b
Fin whale 1987, 1989, 1995, 2001, 2007 Central North
Atlantic
Vessels Line transect (A) 8 Sigurjónsson et al., 1989, 1991;
Víkingsson et al., 2009; Pike
et al., 2008
Fin whale 1987, 1989, 1995, 2001, 2007 Central North
Atlantic
Vessels Habitat
modeling (R)
9 MRI database
Humpback
whale
1986, 1987, 1995, 2001, 2007, 2009 Icelandic
continental shelf
Aircraft Sighting rates
(whales/nm) (R)
12 Pike et al., 2009b, 2011b
Humpback
whale
1987, 1995, 2001, 2007 Central North
Atlantic
Vessels Line transect (A) 12 Pike et al., 2010c
A, Estimated absolute abundance; R, Relative abundance; Figure, Figure numbers in this article. Source: References to reports giving details of data and methods.
Table 2 | List of physiographic and environmental covariates considered for inclusion in the model as explanatory variables.
Name Description Source
PHYSIOGRAPHIC VARIABLES
Depth Sea bed depth (m) ETOPO1 1 arc-minute gridded global relief data. NOAA
National Geophysical Data Center. http://www.ngdc.
noaa.gov/
Slope Slope(◦) of the sea floor Derived from ETOPO1 bathymetric data using
transform surface dialog in Manifold 8.0
Aspect Aspect (−180, 180) of the sea floor Derived from ETOPO1 bathymetric data using
transform surface dialog in Manifold 8.0
Distance to isobaths (Dist0, Dist200,
Dist2000)
Distance of the effort segment midpoint
to the coast, the 200m deep isobath and
the 2000m deep isobath
Calculated in Manifold 8.0 using SQL queries
REMOTELY SENSED VARIABLES
Monthly Sea surface temperature (SST) Night-time monthly averages of SST (◦C)
from March to August
4 km Advanced Very High Resolution Radiometer
(AVHRR) Pathfinder Version 5. Distributed by PO.DAAC
and NODC http://podaac.jpl.nasa.gov/
Current Sea Surface temperature Night-time current monthly average SST
(◦C) at the time of the cetacean survey
4 km Advanced Very High Resolution Radiometer
(AVHRR) Pathfinder Version 5. Distributed by PO.DAAC
and NODC http://podaac.jpl.nasa.gov/
RECONSTRUCTED VARIABLES
Sea surface height (SSH) 1◦ × 1◦ annually averaged sea surface
height (m)
Meyssignac et al., 2012
The relationship between estimated abundance of fin whales
and environmental covariates was modeled using Generalized
Additive Models (GAMs) (Hastie and Tibshirani, 1990). GAMs
are commonly used to relate distribution or abundance of animals
to environmental characteristics due to their greater flexibility
compared to Generalized Linear Models (GLMs) (Wood, 2001).
A GAM for abundance data with log link function was used
with the general structure:
N̂i = exp[θ0 +
∑
k
fk (Xik)]
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where θ0 is the intercept term, fk are the smoothed functions
of the explanatory covariates, and Xik is the value of the kth
explanatory covariate in the ith segment.
As is common with such data, the response variable, N̂, was
overdispersed with a higher proportion of zeroes and of relatively
large values than expected if the data were Poisson distributed.
Models have been developed to deal with zero-inflated data
(Barry andWelsh, 2002; Warton, 2005); however, a quasi-Poisson
or negative binomial error distribution are appropriate when fit-
ting models to overdispersed count data (Ver Hoef and Boveng,
2007). The Tweedie distribution has also been proposed because
it has an additional parameter offering higher flexibility (Miller
et al., 2013). These three error distributions, quasi-Poisson, neg-
ative binomial and Tweedie, were investigated when fitting the
GAMs; quantile-quantile (QQ) plots, plots of Pearson residu-
als and response vs. fitted values plots were visually assessed to
determine the most appropriate error distribution to use.
In models of count data, effort segments of variable length are
typically accounted for by using an offset term, which assumes
that the effort variable is a linear predictor with coefficient
equal to 1 (Wood, 2006). However, in these data the relation-
ship between the response variable and effort segment length did
not meet this assumption and the latter was instead included as a
smoothed covariate.
Data from surveys may be spatially auto-correlated and, if
model covariates do not account for this, residuals may also be
correlated leading to underestimated SEs of coefficients and pos-
sibly to unwarranted retention of covariates in model selection.
A semi-variogram of model residuals from the final GAM plot-
ted against distance between observations was inspected to assess
whether there was spatial correlation in themodel residuals (Zuur
et al., 2009).
Smooth terms were modeled using penalized cubic regres-
sion splines with a shrinkage term, which allows smoothers to
reduce to 0 degrees of freedom and to be dropped from the model
(Wood, 2006). Interaction terms were fitted using tensor prod-
uct interactions when the main effects were also included in the
model. The package mgcv v. 1.8-1 for R was used to fit models
(Wood, 2001).
Model selection used a forward stepwise procedure based on
three evaluation criteria: (1) model GCV (Generalized Cross
Validation) score, which is an approximation to AIC; (2) percent-
age of deviance explained; and (3) probability that a covariate was
included in the model by chance using analysis of deviance tests
(Wood, 2001).
For the predictive maps, a grid of 0.5◦ × 0.5◦ resolution pop-
ulated with covariate values was generated in Manifold 8.0 for
each survey year over the extent of survey coverage. Predictions
of relative fin whale abundance in each grid cell for each survey
year were generated in R based on the final GAM model. The
point estimates of predicted relative abundance in each grid cell
were smoothed into density surfaces using kriging with Gaussian
distribution, implemented in Manifold 8.0, for presentation.
CETACEAN PREY SPECIES
Capelin
Capelin is among the most important commercially exploited
pelagic fish species in Icelandic waters. The fishery for this species
was initiated in the 1960s and continues to date. Acoustic moni-
toring of capelin distribution and abundance has been conducted
by the MRI since 1980 by surveys in autumn and winter and has
been reported annually in stock status reports (Marine Research
Institute, 2014).
Sand eel
Sand eel have not been subject to commercial harvesting in
Icelandic waters. However, they are important as a food source
for other fish species, seabirds and marine mammals (Víkingsson
et al., 2003, 2014; Lilliendahl and Solmundsson, 2006; Bogason
and Lilliendahl, 2009; Vigfusdottir et al., 2013). Attempts to
monitor sand eel abundance were not initiated until 2006, in
relation to poor breeding success of seabirds in south Iceland.
However, auxiliary information can be obtained from stom-
ach content data from haddock sampled during MRI’s annual
groundfish surveys (Bogason and Lilliendahl, 2009; MRI, unpub-
lished data).
Euphausiids (krill)
Data on euphausiid abundance were obtained from Sir Alistair
Hardy Foundation for Ocean Science (SAHFOS) from their
Continuous Plankton Recorder (CPR) program (Silva et al.,
2014). The CPR collects plankton from vessels of oppor-
tunity crossing the North Atlantic along standard routes.
The samples are processed, including species identification at
SAFHOS (Batten et al., 2003). The northernmost routes of
the CPR surveys cover the areas south and southwest of
Iceland.
RESULTS
HYDROGRAPHY
Changes in temperature and salinity in the waters south and west
of Iceland in recent decades have been characterized by obser-
vations from the deepest station in the Faxaflói section west of
Iceland (Figure 2A). This station is located in the core of the
Atlantic water as it flows northwards along the shelf break in
the Irminger Current. After the basin wide changes before the
mid-1990s, temperature and salinity in the mixed layer started to
increase rapidly, demonstrating the increase of water of Atlantic
character in this part of the Sub Polar Gyre. Similar changes
were observed in temperature further north on the Latrabjarg
section (station Lb4 Northwest Iceland) in the northward flow
of the branch of the Irminger Current which feeds the inflow
of Atlantic water to the area north of Iceland, i.e., the North
Icelandic Irminger Current (Figure 2B). The rise in tempera-
ture was particularly steep between 1995 and 2000 (Figure 2).
In the following years, these changes are also apparent in the
shelf area to the north of Iceland and most markedly as higher
winter temperatures (Figure 3). Since 1998, winter temperature
and salinity were higher than the average for the measure-
ment period (1970–2014) in all years except 2002. In general,
a similar but more variable rise in temperature was observed
in other seasons. Figure 4 shows changes in summer tempera-
tures at 200m depth in the Irminger Sea between 1994 and 2003.
Appreciable warming occurred in this period, particularly in the
deep water area between the continental shelves of Iceland and
Greenland.
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FIGURE 2 | (A) Temperature (red) and salinity (blue) at a repeated
hydrographic station, Fx9, in winter at the shelf slope west of
Iceland. Dept average over 0–200m depth. (B) Temperature at a
repeated hydrographic station, Lb4, in winter at Latragrunn. Depth
average over 80–180m depth. Thick line shows 3-year running
mean.
DISTRIBUTION AND ABUNDANCE OF CETACEANS
Common minke whale
Abundance estimates of common minke whales from aerial sur-
veys conducted during 1987–2009 over the Icelandic continental
shelf varied widely (Figure 5). Point estimates of abundance
increased appreciably between 1987 and 2001 although the dif-
ference was only marginally significant (Borchers et al., 2009;
Pike et al., 2009b). The survey in 2007 revealed a reduction in
minke whale abundance to less than half that of 2001 and an extra
aerial survey conducted in 2009 showed even further decline in
numbers (Figure 5).
Figure 6 shows concurrent changes in relative densities
(number of whales/nm2 at the surface) of common minke
whales on the Icelandic continental shelf according to the
aerial surveys conducted during 1986–2009. As for the esti-
mated abundance, the estimates for the whole survey area
show a slightly increasing, but non-significant trend within
the range of 0.04 and 0.06 animals/nm2 between 1986 and
2001. In the next survey (2007), the densities had decreased
sharply to less than 0.02 animals/nm2 and this drop in
density was confirmed in the survey conducted in 2009
(Figure 6).
The decreased densities after 2001 were evident in most sub-
areas of the aerial survey. However, the degree of the decline
was highly variable within the continental shelf stratum with
the steepest declines in southern and western coastal waters
(Figure 6). Figure 7 compares the mean densities of the south-
ern (blocks 1, 2, 8, and 9) and northern (blocks 4–7) survey
blocks for the periods 1986–2001 and 2007–2009. In the earlier
period, mean density in the southern/western area was more than
double that of the northern area. In the later period, density in
both areas declined to about the same level; thus the decline was
much steeper in the southern area (79%) than in the northern
area (46%).
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FIGURE 3 | Temperature and salinity deviations from Siglunes section north of Iceland 1970–2013. Deviations are from depth average and mean from
stations Si2–Si4.
Fin whale
The estimated abundance of fin whales increased during the sur-
vey period from 15,200 in 1987 to 20,600 in 2007 (Figure 8).
During 1987–2001 the annual increase in the total CNA was esti-
mated as 4%, while the annual growth rate was estimated as 10%
in the Irminger Sea between Iceland and Greenland (Víkingsson
et al., 2009).
In the habitat modeling, the covariates retained in the
final GAM included smooth functions for SST, SSH and sur-
vey effort segment length, and an interaction term between
depth and distance to the 2000m isobath. A negative bino-
mial error distribution with log link function was identified as
the best description of the data. Pearson correlation coefficients
showed high collinearity between all monthly SST covariates
(r = 1, p < 0.0001), and between all combinations of Depth,
Dist0, and Dist200 (r > 0.7, p < 0.0001). Accordingly, only
one SST covariate and one of Dist0, Dist200, or Depth were
included in the final model. The semi-variogram indicated
that there was no spatial correlation in the model residuals
(Supplementary Figure 1).
The results of the final model, which explained 15.7% of the
deviance, are given in Supplementary Table 1. Figure 9 shows
the fitted smooth function for each covariate included in the
final model. The probability of sighting fin whales decreased
with increasing segment length, supporting the decision to
include effort as a smoothed covariate rather than an offset
term (Figure 9F). SST in the study area at the time of the
surveys ranged from 2.5◦C to 15.7◦C and the highest proba-
bility of encountering fin whales was predicted to be in waters
with surface temperatures between 5 and 11◦C peaking around
6–7◦C (Figure 9D). Fin whales were less likely to be observed
at greater distances from the 2000m isobath and in shallower
waters (Figures 9B,C). This pattern was also reflected in the
interaction between these two covariates (Figure 9A). Sightings
were mainly made at intermediate SSH of 0.02–0.04m elevation
as well as in waters with SSH depressions greater than 0.05m
(Figure 9E).
The Irminger Sea and the area northeast of Iceland were pre-
dicted to hold the highest abundance of fin whales in all years
(Figures 10A–E), except in 1989 when the area north of Iceland
was not surveyed (Figure 10B). Within the Irminger Sea, fin
whales were predicted to bemostly concentrated along the 2000m
isobath. Predicted relative abundance was high along the East
Greenland shelf particularly in 2001 and 2007. The area west
of the British Isles had consistent low predicted abundance of
fin whales. These predictions were overall in agreement with the
observations of fin whales.
As noted previously (Pike et al., 2008; Víkingsson et al., 2009),
the distribution of fin whales has changed in the Irminger Sea.
Whales aggregated over the continental slope in 1987, 1989, and
1995, but were dispersed throughout the Irminger Sea in 2001 and
2007. The model failed to explain the high number of sightings
south of Iceland in 1989 (Figure 10B).
Since the resumption of fin whaling in 1948 the operation has
been limited to a single land station in Hvalfjörður, West Iceland
(Sigurjónsson, 1988). Because of factory regulations concerning
freshness of products, catches have been limited to approximately
24 h cruising distance from the station. The distribution pattern
of the fin whale catches has been rather stable and largely confined
to areas close to the continental slopes of the Irminger Sea west of
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FIGURE 4 | Sea temperatures at 200m depth in the Irminger Sea in June 1994 (A) and 2003 (B).
Iceland (Figure 11). The catch distribution of sei whales has been
somewhat wider including areas further east along the southern
coast of Iceland. The catch distribution of fin whales in 2014 dif-
fered appreciably from all the previous seasons since 1948. During
16–26 June, 26 fin whales were caught within the traditional fin
whaling grounds west and southwest of Iceland. In the following
2 weeks only two fin whales were caught in this area despite con-
siderable search effort. After widening the search area fin whales
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were found in high densities in offshore south Icelandic waters.
During the rest of the season, 13 July-23 September 2014, 104 fin
whales were taken in these “new” fin whaling grounds and four in
the traditional grounds (Figure 11).
Humpback whale
Figure 12 shows the estimated relative abundance of humpback
whales from the 1986–2009 aerial surveys and estimated absolute
abundance from the 1987–2007 shipboard surveys. Both indices
FIGURE 5 | Abundance estimates (with 95% confidence intervals) of
common minke whales in the Icelandic continental shelf area derived
from aerial surveys conducted during 1987–2009.
show an increase in the point estimates from 1986/1987 to 2001
with a slight decrease thereafter. However, confidence intervals are
wide and the estimates since 1995 are not significantly different
from each other.
CETACEAN PREY SPECIES
Sand eel
Figure 12 shows the average number of sand eel in haddock stom-
achs sampled during the annual Icelandic groundfish surveys
FIGURE 7 | Comparison of changes in densities (Number of
animals/nm2) of common minke whales in northern (blocks 4–7) and
southern (blocks 1, 2, 8, and 9) coastal Icelandic waters. For delineation
of aerial survey blocks see Figure 6.
FIGURE 6 | Trend in relative abundance (number of whales/nm2 at the
surface with 95% confidence intervals) of common minke whales,
1986–2009, as indicated by line transect density in the Icelandic aerial
survey area. Two estimates, using both primary observers, and a single
primary observer, are shown for 2007 and 2009. The thick arrow refers to the
total survey area.
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FIGURE 8 | Abundance (with 95% confidence intervals) of fin whales
according to the North Atlantic Sightings Surveys 1987–2001 in the
total Central North Atlantic stock area (upper) and in the Irminger Sea
west of Iceland (lower). For area delineations see Víkingsson et al. (2009).
1997–2010. Sand eel numbers decreased sharply from around
3/stomach in 1997 to 0 in 2004. In all subsequent years except
2007, the mean number of sand eel per stomach was less than
0.25 (Figure 13).
Capelin
A major shift in distribution and migration pattern of capelin
appears to have taken place around the turn of the century
(Figure 14). A northward shift in distribution of 0-group capelin
away from the Icelandic continental shelf waters north off Iceland
was first observed in 2003, coinciding with the onset of a greatly
reduced recruitment to the capelin stock (Pálsson et al., 2012a,b,
2014). This situation seems to have prevailed ever since (Marine
Research Institute, 2014). The distribution of adult capelin has
also shifted westwards toward the coast of Greenland (Figure 14).
Euphausiids
Figure 15 shows total abundance of euphausiids in South
Icelandic waters (area A6 in Silva et al., 2014) during 1958–2007 as
recorded by the CPR. A significant decreasing trend was observed
in this period (simple linear regression r2 = 0.25, p < 0.001).
DISCUSSION
During the past two decades, pronounced changes have occurred
in the marine environment around Iceland. Following 1995, an
increase in temperature and salinity was observed in the waters
south and west of Iceland (Figure 2), which prevailed for almost
two decades and has been reflected in the biota (see below).
Generally, salinity and temperature have also been higher in the
waters north of Iceland since the late 1990s (Figure 3). These
changes have been linked with the changed distribution and
recruitment of capelin north of Iceland (Pálsson et al., 2012a,b,
2014). Concurrent with increasing temperatures and salinity and
a northward shift of fronts following increased flow of Atlantic
water to the areas north of Iceland, marked changes have occurred
in the distribution of several fish species, including a north-
ward shift in haddock and monkfish (Astthorsson et al., 2007;
Solmundsson et al., 2010; Valdimarsson et al., 2012). At the same
time an expansion in mackerel distribution westwards and north-
wards into Icelandic waters took place (Astthorsson et al., 2012).
Due to the large size of the stock, this “mackerel invasion” into
Icelandic waters represents a substantial change in the ecosystem
of the Icelandic continental shelf. In addition, 0-group fish of the
cold-water species capelin retreated northwards on the Icelandic
shelf while the mature component has progressively spread along
the shelf break off East Greenland (Vilhjalmsson, 2007; Pálsson
et al., 2012a). The sand eel population off southern and western
Iceland has been in decline and was drastically reduced around
2005 because of recruitment failure (Bogason and Lilliendahl,
2009). The oceanographic and ecological changes are both likely
to have contributed to the changes observed in distribution and
abundance of several cetacean populations.
COMMONMINKE WHALES
Densities of common minke whales in the Icelandic continental
shelf area decreased markedly between 2001 and 2007 and the
estimated abundance in 2009 was less than a quarter of that in
2001 (Figure 5). The shipboard component of the 2007 survey
failed to detect a corresponding increase in abundance of minke
whales in the offshore regions of the CNA stock area, although
large areas north of Iceland and along the coast of East Greenland
received no or poor coverage due to unfavorable weather and ice
conditions (Pike et al., 2010a). Therefore, the details of a potential
shift in distribution are unknown.
Investigations of stomach contents of minke whales have
shown pronounced changes in diet composition in recent
decades. During 1977–1997, sand eel was the predominant prey
in southern and western Iceland while capelin occurred in
42% and euphausiids in 58% of the stomachs in the northern
areas (Sigurjónsson et al., 2000). During 2003–2007 a significant
change had occurred in the minke whales’ diet composition with
the contribution of euphausiids and capelin decreasing from 45 to
17% and 36 to 22%, respectively in comparable areas (Víkingsson
et al., 2014). The proportions of large gadoids [mainly haddock
and cod (Gadus morhua)] and herring increased coincidently
between these two periods. The overall percentage of sand eel
in minke whale stomachs was still high in the latter period, but
decreased appreciably within the period from 90% in 2003 to 20%
in 2007 in the southern areas (Víkingsson et al., 2014).
These dietary changes coincide well with the documented
changes in the local abundance of the prey species sand
eel, capelin and euphausiids (Astthorsson et al., 2007; Marine
Research Institute, 2014). The massive decrease in sand eel abun-
dance during 1997–2003 indicated by the analyses of haddock
stomachs is supported by decreased breeding success of sand
eel-dependent seabirds in southern Iceland (Lilliendahl et al.,
2013; Vigfusdottir et al., 2013). The subsequent low levels of
sand eels in minke whale stomachs are in agreement with data
from a sand eel monitoring program initiated in 2006 (Bogason
and Lilliendahl, 2009). The decreased proportion of capelin in
the minke whale diet is also consistent with lower availability of
capelin in north Icelandic waters during summer (Figure 14) and
the increased contribution of haddock and herring reflects growth
in these stocks (Marine Research Institute, 2014). These diet stud-
ies, together with the series of abundance estimates, suggest that
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FIGURE 9 | Smooth functions fitted in the final GAM for (A) 2-D
interaction between Depth and Distance from the 2000m isobath, (B)
Distance from the 2000m isobath, (C) Depth, (D) Sea surface
temperature, (E) Sea surface height, and (F) survey effort. Positive values
of the smoothed function indicate a positive effect on the response variable.
In (A), the dots represent values of the response variable, and the black,
green and red lines are contours of the fitted function ±1 SE. Given above
the plot is the smoother term and the estimated degrees of freedom (see
Supplementary Table 1). In (B–F), shaded areas represent the 95%
confidence interval. Tick marks on the horizontal axis show the distribution of
observations. The vertical axes describe the smoother term and estimated
degrees of freedom (see Supplementary Table 1).
minke whales appear to have responded to the environmental
changes both by changes in diet and by leaving the Icelandic con-
tinental shelf area. While it seems likely that some of the whales
followed the capelin to the coast of East Greenland, this cannot
be verified because of the lack of coverage of that area by the 2007
survey.
FIN WHALES
The habitat use modeling indicated that fin whale summer feed-
ing areas are characterized by water depth, distance to the 2000m
isobath, SST and SSH (Table 2, Figure 9). Inter-annual variations
in the predicted distribution of fin whales showed that increased
use of the Irminger Sea in 2001 and 2007 (Figures 10D,E) coin-
cided with an increase in SSH in the area. Sea-level changes are
often related to ocean heat-content changes, as water expands
with increasing temperatures (Church et al., 2013). The observed
changes in SST and SSH over the years have previously been
reported to have ecosystem consequences (Ottersen et al., 2001;
Häkkinen and Rhines, 2004; Hátún et al., 2009).
While recovery following the pause in whaling in 1990 could
be part of the explanation of the increase of fin whale abundance
in Icelandic waters, the catch history of the 20th Century and
stock assessments suggest that the stock had recovered to a large
extent before the period being considered here (Víkingsson et al.,
2009). The increase in fin whale abundance in the Irminger Sea
between 1989 and 2001 coincided with a marked increase in sea
temperature in the area (Figures 4, 10). In particular, the expan-
sion of fin whale distribution into deeper waters (>1000m) of the
Irminger Sea seems to be related to appreciable warming of this
area between 1994 and 2003 (Figure 4) as noted by Víkingsson
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FIGURE 10 | Predicted density surface maps derived from the final GAM
with an average segment length of 1.75nm and SST from July for the
survey years 1987 (A), 1989 (B), 1995 (C), 2001 (D), and 2007 (E). Warmer
colors indicate higher predicted relative abundance. Dots represent
observations of fin whale groups during the surveys. Predicted relative
abundance in each grid cell was smoothed using kriging.
and Valdimarsson (2006). Assuming that the diet of fin whales in
this area consists overwhelmingly (> 90%) of euphausiids, mainly
Meganyctiphanes norvegica (Víkingsson, 1997), it is tempting to
conclude that the increased temperatures have facilitated growth
in euphausiid abundance and thereby increased carrying capacity
for fin whales (Víkingsson et al., 2009). However, there has been
a decrease in euphausiids in shelf and oceanic habitats southwest,
south and southeast of Iceland from 1958 to 2007 with the lowest
numbers in each region in 2007 (Figure 14), despite increasing
primary production in terms of phytoplankton in those areas
(Silva et al., 2014).
Results from the habitat modeling presented here support a
link between environmental conditions and fin whale abundance.
However, environmental data generally act as proxies of other
variables, to which the whales respond directly (Pershing et al.,
2009). Prey availability often forms the missing link between
oceanographic variables and higher-trophic level predators (Croll
et al., 2005; Friedlaender et al., 2006; Anderwald et al., 2012).
The key to understanding this link is to understand how fin
whales respond to changes in prey availability, as well as how
prey itself is affected by changing environmental conditions. For
instance, the predicted highest abundance of fin whales around
the 2000m isobaths and virtual absence from shallow coastal
waters is in accordance with the preference of the fin whale’s main
prey M. norvegica for deeper waters. The observed decrease in
M. norvegica after 1995 could be an indication of a change in fin
whale diet in recent years, similar to the diet shift in minke whales
(Víkingsson et al., 2014). Such a shift would explain a less con-
centrated distribution along the shelf edge and higher observed
and predicted numbers of fin whales throughout the Irminger
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FIGURE 11 | Catch positions of fin whales 1983, 2006–2013, and 2014, and sei whales 1983. Circles for individual whales 2006–2014, but in 1983 whales
were reported by squares. Circle area is in proportion to catch numbers in square.
Sea. Increased predation from the growing fin whale popula-
tion might also have contributed to the decrease in euphausiid
abundance.
Unfortunately, euphausiid monitoring by the extensive long-
term Continuous Plankton Recorder (CPR, SAHFOS) series
only reaches as far north as the waters south and southwest of
Iceland and recent Icelandic research has mostly been confined to
continental shelf waters where different euphausiid species pre-
vail (Astthorsson and Gislason, 1997). Therefore, these studies
are not necessarily representative of the main fin whale feed-
ing grounds west of Iceland. It is noteworthy that while the
CPR data show a decrease in adult euphausiid abundance dur-
ing 1960–2007 (Figure 14), there was an increase in the density
of euphausiid larvae during 1990–2010 in southwestern Icelandic
waters (Silva et al., 2014). While this apparent discrepancy might
possibly be explained by the different time frames of these two
data series or by a weakened temporal synchrony between the
development of young euphausiids and the phytoplankton bloom
it would also be consistent with increased predation pressure
on adult euphausiids, e.g., by mackerel and fin whales. The
warming of the deep waters of the Irminger Sea might also
have facilitated growth of other potential prey for fin whales.
Updated studies on diet composition of fin whales might clarify
this.
Overall, the habitat modeling results suggest that the weak-
ening of the Subpolar Gyre, with associated changes in SST and
salinity, had bottom-up effects on primary and secondary pro-
duction. The poor spatial and temporal overlap between the CPR
data and NASS cetacean data precluded the inclusion of krill
abundance as a covariate. The explanatory power of the GAM
might have been improved if data on prey biomass or primary
production had been available because baleen whale distribution
has been reported to be tightly coupled with zooplankton den-
sity (Friedlaender et al., 2006). However, the dynamic nature of
krill requires close spatio-temporal proximity in whale sightings
and measurements of krill to detect this trophic link; temporal
lags as a result of independently collected prey and cetacean data
can weaken the association (Laidre et al., 2010). Further work is
therefore required to clarify possible changes in prey availability
and diet composition of fin whales.
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FIGURE 12 | Humpback whale abundance 1986–2009. Sightings rates (animals/nm) in the Icelandic continental shelf area (upper) Estimated total abundance
in the Central North Atlantic (lower). Ninety five percent confidence intervals are shown.
FIGURE 13 | Mean number of sand eel in haddock stomachs analyzed
in the Icelandic groundfish survey 1997–2010. A loess smoother has
been fitted to the time series, shown with 95% confidence intervals.
The fin whale catch distribution in 2014 was highly unusual
with an unprecedented pattern relative to the history of the whal-
ing operation dating back to 1948. Historically, sei whales have
been caught in considerable numbers in this area, and these
catches would certainly have included fin whales had they been
encountered. Therefore, the unusual catch distribution in 2014
seems to indicate a sudden shift in distribution of fin whales
between 2013 and 2014. According to the whalers, the traditional
western area looked lifeless with no visible krill patches at the sea
surface and unusually few seabirds. A notable exception to this
was the widespread presence in the area of large schools of mack-
erel that were clearly visible at the surface. These observations
from the whalers have been confirmed by a 2014 ecosystem survey
that recorded high abundance of mackerel in the Irminger Sea
(Nøttestad et al., 2014).
HUMPBACK WHALES
Catch statistics from the first period of modern whaling in
Icelandic waters, the so-called Norwegian whaling period 1883–
1915, indicate that humpback whales were hunted down to very
low levels. Only six humpback whales were caught after whaling
was resumed in 1948 until they received total protection again in
1955. Sigurjónsson and Gunnlaugsson (1990) reported an annual
increase in relative abundance of 14.8% during 1979–1988 west
of Iceland. This growth rate, coupled with the small absolute
abundance estimate of around 2000 humpback whales in 1987
(Gunnlaugsson and Sigurjónsson, 1990) indicates that the num-
ber of animals in the area must still have been very small prior
to 1970. Pike et al. (2009b) reported annual rates of increase in
abundance of 12% for the period 1987–2001.
The most recent data presented here suggest that this rapid
growth may have leveled off around the turn of the century
(after the 1995 survey). Feeding habits of humpback whales in
Icelandic waters are not well corroborated by stomach contents
data. However, visual observations have indicated that capelin
and euphausiids likely constitute important parts of the diet (MRI
unpublished information). In particular numerous reports from
capelin fishermen and capelin research cruises have documented
substantial numbers of humpback whales following the migra-
tion of capelin in Icelandic waters during winter (Gunnlaugsson
and Víkingsson, 2014). In recent years, humpback whale songs
associated with mating behavior have been recorded in North
Icelandic waters (Magnúsdóttir et al., 2014). Although this acous-
tic activity does not demonstrate that breeding actually takes place
in Icelandic waters, an establishment of a new breeding area, in
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FIGURE 14 | (A)Main patterns in distribution and migration of capelin until
the turn of the last century. Light blue, Nursery area; Green, Feeding grounds
of adult capelin. Blue arrows indicate feeding migrations and green arrows
autumn return migrations toward Iceland waters. Red, Spawning migrations
and areas; Violet arrows, 0-group drift (Modified after Vilhjalmsson, 2007). (B)
A hypothesis for changed patterns of distribution and migration of capelin in
recent years. Blue: Nursery area. Green: Feeding grounds of adult capelin,
Spring and summer feeding migrations are indicated by blue arrows, but
autumn return migrations by green arrows. Red: Spawning migrations
(arrows) and main spawning areas. Violet arrows: 0-group drift. (After Pálsson
et al., 2012b).
addition to the two known southern breeding areas, could help
explain the large population increase in Icelandic waters and the
apparent contradiction between abundance estimates at feeding
and breeding grounds of the North Atlantic, as discussed by Smith
and Pike (2009).
The increase in humpback whale abundance in Icelandic
waters, leveling off around the year 2000, follows a pattern sim-
ilar to the rise in temperature (Figure 2). However, it is hard to
relate this growth to any known biological changes in the marine
environment because the presumed most important prey species
(capelin, euphausiids, and possibly sand eel) have not followed
the same trends in abundance. In recent decades, high rates of
increase have also been documented for humpback whales in
several other areas without a clear explanation (Bannister, 1994;
Stevick et al., 2003; Findlay et al., 2011; Heide-Jørgensen et al.,
2012).
BLUE WHALES
Blue whale populations have not recovered to the same extent
as the closely related fin whales or humpback whales, with
FIGURE 15 | Total euphausiid abundance (Ind m−3) in area A6 from
1958 to 2007 as recorded by the Continuous Plankton recorder (CPR).
Abundance values indicate annual averages and a loess curve (span = 0.71)
with 95% confidence intervals (shaded gray area) is fitted to the data. Refer
to Figure 1 in Silva et al. (2014) for location of CPR area.
estimated abundance in the CNA of around 1000 animals (Pike
et al., 2009c). However, a significant increase in abundance
has been reported for the period 1969–2001 (Sigurjónsson and
Gunnlaugsson, 1990; Pike et al., 2009c). During 1987–2001 the
increase rate was higher in Northeastern Icelandic waters than
west of Iceland (Pike et al., 2009c) indicating a northward shift
in relative distribution. Such a shift is consistent with anecdo-
tal evidence from whale watching operations in Icelandic waters.
A whale watching company specializing on blue whales was
operated from the Snæfellsnes peninsula, West Iceland during
1996–2004. From around 2000, the number of encounters with
blue whales decreased appreciably leading the company to give up
their blue whale tours in 2004 due to scarcity of blue whales (Pétur
Ágústsson, pers. comm). During this period of decline in West
Iceland, blue whale sightings increased in the whale watching area
Skjálfandi Bay in Northeast Iceland. Photo-identificationmatches
have shown that at least some of the whales previously frequent-
ing West Icelandic waters now occur in Northeastern Icelandic
waters during midsummer (MRI, unpublished data).
CONCLUSIONS
Pronounced oceanographic changes have occurred in Icelandic
waters since the mid-1990s, including a rise in sea water temper-
ature and increased flow of warm Atlantic water into the waters
north of Iceland. Although the exact mechanisms remain unclear,
these changes appear to have caused a northward shift in the dis-
tribution of several fish species, a decrease in krill abundance and
a collapse in the sand eel population off southern and western
Iceland. Considerable changes in distribution and abundance of
several cetacean species are apparent from the series of cetacean
surveys dating back to 1986. Some of these changes appear to be
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related to these oceanographic and biological changes while oth-
ers are harder to explain. Thus, the decrease in common minke
whale abundance in the Icelandic continental shelf area seems to
be related to the decrease in the abundance of the preferred prey
species, sand eel in the southern part and capelin in the north-
ern part. The apparent shift of blue whales from southwestern
to northeastern Icelandic waters may be related to the decrease
in euphausiid abundance in the waters south and southwest of
Iceland.
Concurrently with increasing sea temperature in the deep
waters of the Irminger Sea, the distribution of fin whales
expanded into this area and the total abundance of fin whales in
the Irminger Sea increased. However, the relationship between the
rise in temperature and fin whale abundance is unclear. A poten-
tial increase in euphausiids, the fin whale’s dominant prey species
in this area, is not supported by CPR data and could instead indi-
cate that fin whales have switched prey. However, data from the
main fin whale feeding grounds are lacking because the CPR data
series covers only the southernmost part of that area.
Humpback whales were rare in Icelandic waters throughout
most of the 20th century but a significant increase occurred
between 1970 and 2001 in the CNA. From 1995, abundance has
been rather stable at around 10–15,000 whales. Feeding ecology
of humpback whales in Icelandic waters is poorly documented
but capelin and euphausiids are known to be among their prey
species. It is hard to relate the increased abundance of humpback
whales since the 1970s to any known biological changes in the
marine environment.
Continued monitoring of the distribution and abundance of
cetaceans as well as further studies into their feeding ecology
are essential for better understanding of the recent and ongoing
changes documented here.
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